CD4+ T cells followed by an increase in CD4+CD25+ regulatory T cells. The other GluR antagonists, AIDA and KA, had no effect on CIA. These results demonstrate that blockade of the NMDA receptor channel with memantine delays and attenuates the development of arthritis, probably by promoting the development of regulatory T lymphocytes.
Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by severe joint inflammation, progressive joint destruction and disability. Morphologically, RA is characterized by excessive growth of the synovial tissue, which forms an invasive pannus that degrades joint cartilage and subchondral bone. Although the pathogenesis of RA is not fully understood, it is generally accepted that T cells play a pivotal role in the joint inflammation and disease progression. Functional dysregulation of T cells is a crucial step in the development of RA, and this process includes antigen presentation, excessive proliferation and homing to synovial tissues. The antigen-dependent T cell response causes production of antibodies against autoantigens, such as immunoglobulins (rheumatoid factor) and citrullinated proteins, which are important early markers of the disease [1] . T cells from RA patients can activate monocytes/macrophages and fibroblasts that induce the production of inflammatory cytokines such as TNF-␣ , MIP-1 and MCP-1 [2] , as well as IL-6 and IL-8 [3] . T cells contribute to the excessive bone metabolism in RA, which occurs via the induction of osteoclastogenesis [4] . The T cell population comprises a range of clones with diverse functions (e.g. helper, effector and suppressor), and these cells play distinct roles at different stages of the disease, creating a complex network of cellular interactions [5] . A shift to the Th1 proinflammatory population, which results in relative suppression of regulatory T cells and loss of self-tolerance, is one of the basic mechanisms of the development of RA [1] .
Glutamate (Glu) is the most abundant excitatory neurotransmitter in the mammalian nervous system [6] . Numerous studies have demonstrated increased levels of excitatory neurotransmitters, including Glu and aspartate (Asp), in the synovial fluid of patients with active arthropathies, as well as in animal models of arthritis [7] [8] [9] [10] . A number of cells of importance in the RA joint pathology express Glu receptors (GluRs). In addition to T cells, chondrocytes, osteoblasts, osteocytes, osteoclasts, fibroblasts and synoviocytes express functional N-methyl-D -aspartate (NMDA) receptors [11, 12] , which suggests that they may be of pathological importance in the development of RA. Since Glu is involved in signalling in immunocompetent cells, as well as in the nervous system, it is proposed to act as a signalling agent between the immune and nervous systems [13] .
GluRs are divided into two categories: ionotropic and metabotropic. There are three different ionotropic GluRs (iGluRs): the NMDA receptor, the kainate receptor and the ␣ -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor. The G protein-coupled metabotropic receptors (mGluRs) contain seven transmembrane-spanning domains and these receptors can be divided into eight different subtypes (mGluR1-8), depending upon structure and physiological activity [14] . The NMDA receptors are ligand-gated ion channels. For efficient opening of the ion channel, activation requires binding of Glu or Asp, as well as binding of the co-agonist glycine and membrane depolarization [15] . The NMDA receptor plays a key role in a wide range of physiologic processes including synaptic plasticity [16] . NMDA receptor activity is modulated by endogenous compounds, such as zinc ions, polyamines and protons [17] , and is antagonized by various anaesthetics [18] and recreational drugs, including ethanol and phencyclidine [19, 20] . The mGluRs perform a number of different functions in the central and peripheral nervous system: they are involved in learning, memory, anxiety and sensation of pain [21, 22] . mGluRs are also known to facilitate the activity of NMDA receptors [23] .
Human T lymphocytes express receptors for a variety of neurotransmitters, which influences their activation via specific receptors [24] . Evidence for GluRs in nonneuronal cells emerged in the 1990s [25] , and it has recently been reported that T cells express both iGluRs and mGluRs [26] . mGluR1 is expressed after CD3-dependent activation of T cells while mGluR5 is expressed constitutively on lymphocytes [27] .
In the present study, we evaluated the role of different GluRs in the development of arthritis using an established mouse model of collagen-induced arthritis. Glu signalling was abrogated selectively with antagonists of (a) the iGluR NMDA using memantine, (b) the group 1 mGluR1 using (R,S)-1-aminoindan-1,5-dicarboxylic acid (AIDA), and (c) broad-spectrum excitatory amino acid receptors using kynurenic acid (KA). The NMDA receptor antagonist memantine is classified as an open-channel blocker, i.e. it enters the NMDA receptor channel and blocks current flow only after channel opening [28] . AIDA is a potent and selective antagonist of the mGluR1a having no effect on group 2 (mGluR2) or group 3 (mGluR3) receptors. AIDA has no effect on iGluRs. KA, a tryptophan metabolite synthesized in astrocytes, is an endogenous substance acting as a non-competitive antagonist at the glycine site of the NMDA receptor. It is considered a broad-spectrum excitatory amino acid receptor antagonist as it, in addition to the NMDA receptor, blocks the ␣ 7-nicotinic acetylcholine receptor.
Memantine was found to attenuate and delay the development of collagen-induced arthritis (CIA). Additionally, inhibition of the NMDA receptor induced the expression of transcription factor Foxp3 in CD4+ T lymphocytes, and this was followed by an increase in the CD4+CD25+ regulatory T cell population. These findings provide a plausible mechanism for the anti-arthritogenic effect of the NMDA receptor channel blockade seen in memantine-treated mice.
Material and Methods

Mice
Male DBA/1 mice (age 6-8 weeks, n = 101; Taconic Europe A/S, Ry, Denmark) were used in the CIA experiments. All animals were kept under standard pathogen-free environmental condi-tions and had free access to standard laboratory chow and drinking water. Ethical permission was obtained from the Animal Research Ethics Committee of University of Gothenburg.
Collagen-Induced Arthritis
Chicken collagen type II (CII; Sigma) was dissolved to the concentration of 2 mg/ml in 0.1 M acetic acid. DBA/1 mice were immunized at the base of the tail by a subcutaneous injection of 100 g CII emulsified in an equal volume of complete Freund's adjuvant (Sigma). A booster immunization containing 100 g of CII in incomplete Freund's adjuvant was administered subcutaneously at the base of the tail on day 21 after the first immunization. The mice were regularly weighed, and clinical evaluation of joints for signs of arthritis was performed every other day. Blood samples were taken from the jugularis vein for serological analyses of cytokines, antibodies and markers of bone metabolism. Histological changes and bone mineral density were assessed in the paws.
Treatment with GluR Antagonists
Three different GluR antagonists were administered to CIA mice starting from immunization day 0 throughout the experiment. The first group was treated with memantine (Ebixa ; Lundbeck, Denmark), a blocker of the NMDA receptor channel. Memantine was administered intraperitoneally every 12 h in a final volume of 100 l. Treatment was initiated with a loading dose of 20 mg/kg and 24 h later, a maintenance dose regimen of 1 mg/kg every 12 h was started and continued throughout the experiment [29] . Memantine treatment was administered in three independent experiments to a total of 28 mice. The second group received a selective antagonist of mGluR1 (mGlu1a and mGlu5), AIDA (Tocris Bioscience, Bristol, UK) at the dose of 2.5 mg/kg administered intraperitoneally every 24 h. AIDA treatment was used in one experiment in a total of 7 mice. The third group was treated with the broad-spectrum excitatory amino acid antagonist KA (Tocris Bioscience) at the dose of 2.5 mg/kg, administered intraperitoneally every 24 h. KA treatment was used in two independent experiments in a total of 13 mice. The experiments with AIDA and KA treatment were discontinued on day 41. Each experiment included a vehicle (PBS)-treated control group (n = 10-12 per experiment) to which the antagonist-treated groups were compared. Mice of the control group were injected PBS intraperitoneally every 24 h in a final volume of 100 l. In a separate experiment, memantine was administered to CIA mice (n = 9) from the booster immunization on day 21 using the treatment protocol described above. Control CIA mice (n = 9) were administered PBS. The latter experiment was discontinued on day 43. For evaluation of the T lymphocyte subsets and functions, mice were treated with memantine (n = 10), AIDA (n = 5) and PBS (n = 10) as described above for 7-12 days.
Clinical and Histological Evaluation of Arthritis
To assess the intensity of arthritis, a clinical scoring system of 0-3 points for each paw was used: 0 = no sign of inflammation; 1 = mild swelling and/or erythema; 2 = moderate swelling and erythema, and 3 = marked swelling and erythema. The arthritic index was constructed by adding the scores of all four limbs of each animal. The frequency of arthritis represents the proportion of mice exhibiting any signs of clinical arthritis.
Tissue sections of all four paws from DBA/1 mice that had been excised at the end of experiments were imbedded in paraffin, cut in 3-m-thick slices and stained with haematoxylin/eosin and safranin-O. The sections were evaluated for synovitis and erosion of bone/cartilage by a blinded examiner. Synovial hypertrophy (synovitis) was defined as membrane thickness of more than two cell layers. A histological scoring system of synovitis was used as follows: 1 = mild; 2 = moderate, and 3 = severe [30] . Knee joints, ankles, elbows, wrists and interphalangeal joints of all four extremities were inspected, and a mean score for all inspected joints was calculated.
Preparation of Leukocytes
Leukocytes were isolated from spleens of DBA/1 mice treated for a period of 7-12 days with intraperitoneal injections of memantine (1mg/kg) or PBS. Splenocytes were applied on plates at 37 ° C in complete medium pending flow-cytometric analysis. For the assessment of T cell function, regulatory T cells and responder T cells were isolated using two-step Dynabeads FlowComp TM Mouse CD4+CD25+ Treg Cell kits (Invitrogen). CD4+ cells were obtained by negative selection followed by positive selection of CD4+CD25+ regulatory T cells. CD4+CD25-cells were used as responder T cells. Flow cytometry showed Foxp3 expression in 77.6% of the obtained CD4+CD25+ cells.
Lymphocyte Functional Assay CD4+CD25-T cells were seeded in 96-well flat-bottom plates and CD4+CD25+ regulatory T cells were added at a ratio of 4: 1 and 8: 1 to a final cell concentration of 2 ! 10 6 cells/ml. Lymphocyte mixtures were cultured in complete medium (Iscove's modified Dulbecco's medium enriched with 50 g/ml gentamycin (Sigma), 4 m M L -glutamine (Sigma), 50 M mercaptoethanol (Sigma), and 10% FCS (Biological Industries, Beit Haemek, Israel) for 48 h in the presence or absence of anti-CD3 (0.5 ug/ml). Supernatants were collected for the assessment of cytokine production. Proliferation of the lymphocyte cultures was measured by the incorporation of [ 3 H]thymidine (Amersham Pharmacia Biotech, Uppsala) overnight as described by Chen et al. [31] . Proliferation of CD4+CD25-culture was set as 100% functional. A reduction in proliferation in the CD4+CD25-/CD4+CD25+ cultures was attributed to the presence of functional regulatory T cells.
Flow Cytometry
Splenocytes were pelleted and incubated with Fc-block (2.4G2; BD Bioscience, Stockholm, Sweden) for 20 min at room temperature to avoid unspecific binding of Fc receptor. Monoclonal antibodies directly conjugated with phycoerythrin (PE), allophycocyanin (APC), allophycocyanin-H7 (APC-H7), fluorescein isothiocyanate, eFluor TM 450 or biotin were used. Streptavidin conjugated with APC or peridininchlorophyll-protein was used in combination with biotin-labelled antibodies. The following antibodies against surface markers were used for analysis: anti-CD25 (7D4 and PC61), anti-CD4 (GK1.5; BD Biosciences, Erembodegem, Belgium) and anti-CD19 (1D3; eBioscience, San Diego, Calif., USA). The antibodies were diluted in PBS to optimal concentrations as previously described [32] .
Intracellular Staining
Expression of Foxp3 was assessed using a PE anti-mouse/rat Foxp3 Staining Set (eBioscience). Following permeabilization, the cells were incubated with anti-Foxp3 antibodies or isotype control for 30 min at 4 ° C in the dark. The cells were resuspended in FACS buffer and collected by flow cytometry (1 ! 10 5 to 5 ! 10 5 cells/sample) using a FACSCantoII (BD-Bioscience) equipped with FACSDiva software. Analyses were performed using FlowJo software (Tree Star Inc., Ashland, Oreg., USA), and fluorochrome minus one (FMO) was used for determination of positive populations and gating.
Serologic Markers of Bone and Cartilage Degradation
For the quantification of bone resorption, serum levels of fragments of type I collagen (CTX-I) were assessed using an enzymelinked immunosorbent assay (ELISA) kit for RatLaps TM (Immunodiagnostic Systems, Boldon, UK). For the quantification of cartilage resorption, serum levels of degradation products of type II collagen (CTX-II) were assessed using the CartiLaps ELISA kit (Immunodiagnostic Systems). For measurements of bone turnover, the levels of the remodelling markers osteopontin (OPN) and osteoprotegrin (OPG), and the osteoclastogenic cytokine receptor activator of nuclear factor B ligand (RANKL) were measured in sera using ELISA (R&D Systems, Minneapolis, Minn., USA). The levels of total MMP-3 were measured using a Quantikine immunoassay kit (R&D Systems).
Measurements of Cytokine Levels
The levels of IL-6 in sera and supernatants were analyzed employing IL-6-sensitive B9 cells as described in detail elsewhere [30] . The levels of IL-2, IL-4, IL-6, IL-17A, IL-10, TNF-␣ and INF-␥ in supernatants were measured using the T H 1/T H 2/T H 17 Cytometric Bead Array (CBA-kit, BD Biosciences) according to the manufacturer's instructions. Briefly, supernatants were serially diluted in assay diluent provided in the kit. A mix of the anticytokine beads was added to the supernatant samples and incubated with the PE-conjugated antibodies for 3 h at room temperature. Serially diluted cytokines were used for creating standard curves. The samples were analysed on a FACSCantoII fitted with an HTS plate loader (BD Biosciences), and data were analysed using FCAP analysis software (BD Bioscience).
Immunoassay for Antibody Levels
Quantification of anti-CII antibodies in serum was performed as described elsewhere [33] . Quantification of rheumatoid factor and antibodies against CCP in serum was performed as previously described [34] .
Statistical Analysis
Statistical evaluation was made using the Mann-Whitney U test, the 2 test or Student's t test. Values are reported as medians and interquartile ranges (IQRs) or means 8 SEM. The Bonferroni correction was used when appropriate.
Results
Memantine Exposure Delays the Onset and Progression of CIA
Clinical evaluation of the joints was performed daily, and frequency and severity of arthritis were recorded from day 21 throughout the experiment. The three GluR antagonist-treated groups and the vehicle-treated control group from the same study were statistically compared.
Mice exposed to memantine (n = 28, pooled data from three independent experiments) developed arthritis significantly later and to a lesser extent than the vehicletreated control group (n = 31, pooled data from three independent experiments). Nine days after the booster immunization with CII on day 30, joint examinations revealed that only 7 out of the 28 memantine-treated mice showed visible signs of arthritis (25%), compared to 16 of 31 of the control mice treated with the vehicle (51.6%). This observation was consistent until day 32, when 21 of 31 (67.7%) of the controls exhibited arthritis compared to 12 of 28 (43%) memantine-treated mice (p = 0.04).
In addition to the reduction in frequency of arthritis, the clinical evaluation of joints revealed a significant reduction in arthritis severity in the memantine-treated group compared to the vehicle-treated controls. The cumulative indexes of arthritic severity were based on the presence of swelling and erythema in the joints. The differences in arthritis indexes were evaluated on day 32 (p = 0.02), 34 (p = 0.03) and 36 (p = 0.04; fig. 1 a) . Histological evaluation of the joints at the end of the experiments confirmed that memantine alleviated signs of synovitis and the destruction of bone and cartilage ( fig. 2 a, Memantine treatment, initiated after booster immunization on day 21 (n = 9), significantly reduced the severity of arthritis in mice developing joint inflammation as compared to the vehicle-treated controls (n = 9) on days 40 (p = 0.04) and 45 (p = 0.02) ( fig. 2 b) . The onset and frequency of arthritis were similar.
CIA Is Not Affected by Treatment with AIDA or KA
Mice treated with the mGlu1aR antagonist AIDA (n = 7), or with the broad-spectrum excitatory amino acid antagonist KA (n = 13), did not display any significant differences in the frequency or severity of arthritis compared to vehicle-treated controls. At day 35, the median arthritic index for AIDA was 4.0 (IQR 0.75-6.5) compared to the vehicle-treated control group in the same experiment with arthritic index 1.5 (IQR 0-3.75). The arthritic index for KA at day 35 was 3.0 (IQR 3.5-4.5) while the vehicle-treated control group in the same experiment had an index of 1.0 (IQR 0-4) ( fig. 2 c, d ). The histological evaluation performed on day 41 supported the clinical data and showed that AIDA and KA had no significant effect on the presence of synovitis and erosion.
Memantine Reduces Bone Resorption in CIA
To investigate the potential role of memantine on bone metabolism, markers of bone and cartilage resorption were measured. Memantine-treated mice presented significantly lower serum levels of the bone resorption ( fig. 2 c) . No significant differences were detected in the levels of the cartilage degradation marker CTX-II. The bone metabolism markers OPG, RANKL and MMP-3 were expressed at similar levels in the antagonist-and vehicle-treated controls although the levels of the osteoclast stimulator OPN were significantly lower in the memantine-treated group ( table 1 ) . Surprisingly, serum levels of the pro-inflammatory cytokine IL-6 were not significantly reduced in memantine-treated mice. 
Memantine Activates B Cells and Increases Antigen Response
Since anti-CII antibody production is essential in the development of CIA [30] , the levels of anti-CII antibodies were measured at the end of the experiments with memantine and AIDA. Anti-CII antibody levels were significantly higher in the memantine-treated group than in vehicle-treated control animals (p = 0.001; fig. 3 a) . This difference was present in all three independent experiments (values were pooled and presented as a mean). For AIDA, no difference in antibodies was seen in comparison to control. Interestingly, no differences were found in the levels of antibodies against Fc-IgG (RF) or aCCP between the groups ( fig. 3 b) . Since memantine treatment elicited a substantially different immunization response, the effects of memantine on B cells were evaluated. Spleen B cells from mice treated with intraperitoneal injections with memantine or AIDA were analyzed. Although both antagonists caused enrichment of CD19+ B cells in the Color version available online T he levels of the bone metabolism markers OPN, OPG, RANKL and MMP-3 were measured in sera from mice treated with memantine, KA and AIDA, and in PBS-injected controls.
Levels of OPG, RANKL and MMP-3 were similar in all groups, while the OPN levels were significantly decreased in the memantine-treated animals compared to controls (* p = 0.046).
The inflammatory cytokine IL-6 was surprisingly not significantly affected in the memantine-treated animals compared to controls.
All values are presented as mean 8 SEM.
spleen ( fig. 3 c) , this effect was more pronounced in the AIDA-treated mice in which the CD19+ B cell population comprised 68% of mononuclear cells. Additionally, memantine-treated mice exhibited increased CD25 levels on the surface of CD19+ cells (34 8 3.7) compared to controls (23 8 0.7, p = 0.006) ( fig. 3 d) ; however, no significant increase was detected in mice treated with AIDA (27 8 3.4).
Memantine Up-Regulated Expression of Foxp3 in
Spleen CD4+ T Cells CD4+ T cells were obtained from spleens of memantine-and AIDA-treated mice. Neither antagonist induced a significant enrichment in T cell numbers (not shown). Treatment with memantine resulted in increased expression of the transcription factor Foxp3 in CD4+ T cells, whereas no significant difference was detected following treatment with AIDA ( fig. 4 a) . In memantine-treated mice, flow cytometry analysis of splenocytes showed a significant increase in the percentage of Foxp3+ cells as compared to the PBS-treated controls. With prolonged memantine treatment (12 days), the amount of Foxp3+ cells was 3-fold higher than in controls (p = 0.006). Although not apparent after 7 days of treatment, a significant increase in the population of natural regulatory T cells, i.e. CD4+CD25+Foxp3+ cells, was found after 12 days of memantine treatment ( fig. 4 c; p = 0.003) . Interestingly, the CD4+CD25+ and CD4+CD25-populations of T cells remained unchanged during memantine treatment.
To confirm the regulatory function of the CD4+ CD25+ cells, the proliferation and cytokine profile of the CD4+CD25-cells was assessed in the presence of CD4+CD25+ cells obtained from memantine-treated mice (n = 6). The aCD3-induced proliferation of the CD4+CD25-effector T cells was decreased by 53% in the presence of CD4+CD25+ cells (4: 1 ratio) as compared to CD4+CD25-cell cultures alone. In agreement with the proliferation results, we observed a significant decrease of IL-2, IL-4 and TNF-␣ levels in the supernatants of mixed CD4+CD25+ and CD4+CD25-cultures as compared to the cultures containing CD4+CD25-cells alone ( fig. 4 d) . Additionally, the supernatants of mixed CD4+CD25+ and CD4+CD25-cultures had significantly higher levels of IL-10 in the presence or absence of aCD3 as compared to CD4+CD25-cell cultures. The levels of IL-17 ␣ and INF-␥ were not changed significantly ( fig. 4 d) . 3 . Effect of memantine on B cell population and antibody production. The levels of antibodies against CII and CCP were measured at the end of the experiment using an ELISA. a Significantly higher levels of anti-CII antibodies were observed in the memantine-treated group (n = 19) compared to the PBS-injected controls (n = 20). The levels of anti-CII antibodies were unaffected by AIDA treatment. b The levels of anti-CCP antibodies were similar in memantine-treated mice and PBS-injected controls. Mice were treated with memantine (n = 5) or AIDA (n = 5) for 7 days, after which the spleens were excised and subjected to flow cytometry. B cell populations were significantly enriched in the spleens of both memantine-and AIDA-treated mice (p = 0.02 and p = 0.007, respectively). 
Discussion
This study shows that memantine-mediated blockade of the iGluR NMDA attenuates and delays the development of CIA in mice. It reduces leukocyte influx in the synovia and bone destruction, decreasing the number of erosions. In contrast, the mGluR antagonist AIDA and the excitatory amino acid receptor antagonist KA did not affect the development of CIA, which suggests that Glu facilitates arthritogenic processes via activation of NMDA receptors.
Our findings add new information to previous studies on NMDA receptor signalling performed in a variety of inflammatory models. In antigen-induced arthritis in rats, Boettger et al. [35] showed that intrathecal administration of the uncompetitive NMDA receptor channel blocker ketamine reduced pain and the severity of arthritis. This was characterized by reduced joint swelling and decreased infiltration of inflammatory cells into the joint cavity. Another uncompetitive NMDA receptor channel blocker, dizocilpine (MK-801), showed potent anti-inflammatory effects in a model of sepsis-associated lung injury in rats [36] . Administration of MK-801 reduced the cellular content in BAL fluid and decreased the levels of pro-inflammatory cytokines through a reduction in oxidative stress. Decrease in oxidative stress in a model of acute experimental colitis was achieved by treatment with KA [37] . Administration of competitive antagonists of the NMDA receptor was tested in arthritis models induced by injection of Freund's adjuvant [38] or carrageenan [39] . The derivates of the NMDA receptor antagonist phosphonovaleric acid 2-amino-5-phosphonopentanoic acid (AP5) and 2-amino-7-phosphonoheptanoic acid (AP7) provided intra-articularly reduced joint allodynia, swelling [38] and mechanical hypersensitivity [40] . In contrast, spinal administration of AP7 had no effect on carrageenan-induced arthritis [41] . Glu is thought to be an important messenger in bone cells, and mechanical forces applied to bones up-regulate Glu transporters [42] . NMDA agonists up-regulate RANKL-dependent osteoclastogenesis in vivo [43] , and blockade of NMDA receptors reduces bone resorption [44] . In the mouse model of CIA used in this study, NMDA receptors were blocked by memantine treatment. This treatment significantly reduced bone resorption, as measured by CTX-I levels. It also reduced the frequency of histologically observed bone erosions. Memantine treatment did not significantly alter the levels of the osteocytokines RANKL or OPG, whereas it did decrease the levels of the osteoclast stimulator OPN. Interestingly, these effects can all be attributed to inhibition of the NMDA receptor since they were not observed in mice treated with AIDA or KA, which both are non-NMDA receptor antagonists. These findings are in agreement with previous observations showing that the NMDA receptor is a necessary modulator of bone formation as it is involved in osteoclast and osteoblast maturation [42, 45, 46] . NMDA receptor subunits are found on resting rodent and human T lymphocytes. NMDA receptors are involved in modulating T cell functions including control of growth and adhesion to the extracellular matrix [47] , as well as cytokine production [26, 48] . In the present study, blockade of the NMDA receptor channel was associated with increased expression of Foxp3, a transcription factor characteristic of regulatory T cells. During memantine treatment, the initial up-regulation of Foxp3 expression was observed in CD4+ cells, followed by an increase in the CD4+CD25+FoxP3+ population. This observation suggests peripheral rather than thymic conversion of regulatory T cells. Importantly, the CD4+CD25+Foxp3-cell population was the same in memantine-treated and control groups. CD4+Foxp3+ regulatory T cells exert dominant control over the self-reactive T cell population, supporting the development of self-tolerance [49] . Importantly, intracellular up-regulation of Foxp3 is essential for the suppressive activity of CD4+ T cells, and is directed predominantly towards self-reactive T cells rather than T cells recognizing exogenous antigens. The CD4+CD25+ cell population isolated from memantine-treated mice was comprised of 77.6% Foxp3+ cells. The results of the proliferation reaction proved the FoxP3+ population to be fully functional. It produced high levels of IL-10 and suppressed proliferation of CD4+CD25-cells.
It has been postulated that regulatory T cells may be formed either in the thymus or on the periphery via induction of FoxP3 expression in conventional CD4+ T cells [50, 51] . IL-2 and TGF-␤ play central roles in triggering the expression of Foxp3 in CD4+ T cells. The differential intracellular signalling required for up-regulation of Foxp3 and commitment to a regulatory T cell lineage includes activation of NF-B and inhibition of Akt pathways. Similar shifts in intracellular signalling were described following stimulation of NMDA receptors [26] ; however, the formation of regulatory T cells was not proved.
In this study, memantine treatment exerted a modulatory effect on B cells, leading to accumulation of CD19+ B cells in the spleen and up-regulation of CD25 on the cell surface. Additionally, the levels of antigen-specific CII antibodies were higher in memantine-treated mice than in controls while the levels of antibodies against CCP remained similar. The production of antibodies against CII is thought to be important in CIA [52] , and adoptive transfer of anti-CII antibodies results in inflammatory arthritis in non-immunized recipients [53] . Higher levels of CII antibodies may reflect activation of Ig-producing B cell clones, or may result from efficient antigen presentation involving activation of dendritic cells in addition to the B and T cells described above. A discrepancy between the production of antigen-specific antibodies and autoantibodies may be viewed as a relative sup pression of self-reactive lymphocytes. These findings are in agreement with the observed upregulation of CD4+CD25+Foxp3+ regulatory T cells and CD19+CD25+ B cells. During the early phase of arthritis in mice, transfer of regulatory T cells decreases the severity and prevents progression of the disease, even though CII auto-antibody titers remain unaffected by the transfer of regulatory T cells [54] . The CD19+CD25+ B cell population is thought to perform immunoregulatory functions in humans and rodents [32] , and these cells
